A variety of triazole-oligomers have been prepared under microwave and conventional conditions from novel alkynes and azides.
Introduction
Triazole-oligomers prepared by 1,3-dipolar cycloadditions of azides to alkynes 1 are new binder cure systems in the initial stage of development for high-energy explosive and propellant formulations. 2 Structural features such as the length of chains between the triazole cross-links significantly impact the mechanical properties of the rubber matrices produced by the triazolecured polymers. Previous reports on the synthesis of oligomers with 1,2,3-triazole subunits include 1,3-dipolar cycloadditions of dialkynes and diazides, 3a,b dialkynes and monoazides, 3c diazides and monoalkynes, 3d or tris-alkynes and diazides. The kinetics of 1,3-dipolar cycloaddition can be controlled by selecting the appropriate functionalities on the alkyne and the azide; reactions are faster with electron-withdrawing substituents on the alkyne while their presence on the azide has the opposite effect.
1e Previously utilized activating substituents on the alkyne mainly include alkoxycarbonyl, 4 carboxyl, acyl, cyano, aryl, haloalkyl, trimethylsilyl, phenylsulfonyl or phosphonate. 5 We have studied 1,3-dipolar cycloadditions between a variety of organic azides and alkynes to develop strategies for low-temperature (~ 50 o C) synthesis of oligo-triazoles as binder bromide 4a in 75% yield. The desired tri-azide core 5a was obtained in 97% yield by the reaction of 4a with NaN 3 . Similar reaction of the commercially available tri-bromide 4b with NaN 3 gave the tri-azide core 5b in 99% yield (Scheme 1). 
Scheme 1
The hexa-azide core 6 was prepared by the reaction of 4b and 3,5-bis(azidomethyl)phenol 7, which was synthesized in four steps from commercially available 5-hydroxyisophthalic acid (8) . Thus, methyl ester derivative 9 was obtained quantitatively by refluxing 8 in methanol in the presence of a catalytic amount of H 2 SO 4 . 6 Treatment of 9 with LiAlH 4 provided 3,5-bishydroxymethylphenol (10) in 80% yield. Subsequent hydroxyl to bromine conversion using HBr gave the bis-bromo derivative 11 in 93% yield; 11 was completely converted into 3,5-bis(azidomethyl)phenol (7) using NaN 3 . The reaction of tribromide 4b (1 equiv) and bis-azide 7 (3 equiv) in the presence of K 2 CO 3 furnished the desired hexa-azide core 6 in 79% yield (Scheme 2). 
Scheme 2
Preparation of di-carboxyl azides. Reaction of dicarboxylic acid 12a,b with thionyl chloride and subsequent treatment of the acid chloride intermediate with sodium azide gave the dicarboxyl azides 13a,b following the literature method (Scheme 3). 7 However, products 13a,b
showed spontaneous decomposition when stored at room temperature; successful dipolar cycloaddition reactions could not be carried out. Preparation of oligoethyleneoxide di-azides. Reaction of oligoethylene glycol 14a with TsCl in the presence of Ag 2 O, KI and K 2 CO 3 gave the corresponding tosylate 15a in 55% yield which was converted to the di-azide 16a using NaN 3 in 91% yield. 8 Similarly, starting from the oligoethyleneoxide glycol 14b and 14c, we prepared the tosylate 15b and 15c in 93 and 96% yield respectively which on reaction with NaN 3 gave the corresponding oligoethyleneoxide diazide 16b and 16c in 80 and 85% yield (Scheme 4). 16a, n = 2; 91% 16b, n = 3; 80% 16c, n = 5; 85% 14a, n = 2 14b, n = 3 14c, n = 5 15a, n = 2; 55% 15b, n = 3; 93% 15c, n = 5; 96%
Scheme 4
Preparation of oligoethyleneoxide di-carboxylmethyl azide. The reaction of oligoethylene glycol 14c with chloroacetyl chloride 9 gave the corresponding di-carboxylmethyl chloride 17c in 92% yield. Further reaction of 17c with sodium azide gave the desired di-carboxylmethyl azide 18c in 67% yield. Similarly, from oligoethylene glycols 14b and 14d, di-carboxylmethyl azides 18b and 18d were prepared via chlorides 17b and 17d, respectively (Scheme 5). 17b, n = 4; 87% 17c, n = 6; 92% 17d, n = 5, 80% 18b, n = 4; 86% 18c, n = 6; 67% 18d, n = 5; 85%
Preparation of ortho-and para-substituted diazidopropanol derivatives. 
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Scheme 6
Preparation of long-chain di-alkynes. The polyethylene glycol (E300) 22a was reacted with propiolic acid in the presence of a catalytic amount of p-TsOH in refluxing toluene to give the di-alkyne 23a in 98% yield. 10 Similar reactions of polyethylene glycols (E600) 22b and (E900) 22c with propiolic acid gave the corresponding di-alkynes 23b and 23c in 99 and 98% yields, respectively (Scheme 7). E300, E600 and E900 are mixtures of polyethylene glycols, and their structures are most probable representatives based on average molecular weight. 
Scheme 9
Preparation of activated acetylene core. Trimethylsilyl-and triazene-substituted activated alkynes should undergo 1,3-dipolar cycloadditions with azides at low temperatures. We prepared the tris-alkyne 27 from trimethylsilyl acetylene and cyanuric fluoride according to a literature procedure. 12 Thus, treatment of trimethylsilyl acetylene (3 equiv) with n-BuLi (3 equiv) at -78 o C in diethyl ether and subsequent reaction with cyanuric fluoride (1 equiv) in hexane gave the desired alkyne 27 in 50% yield (Scheme 10). 
(major isomer shown)
Scheme 12
Triazoles from ortho-and para-substituted diazidopropanol derivatives. Reaction of orthosubstituted diazidopropanol derivative 20 with ethyl propiolate (32) under solvent-free microwave irradiation at 50 o C and 60 W for 1 h gave a viscous material. TLC showed the presence of small amounts of starting materials. After repeated purification by column chromatography on silica-gel, the desired triazole 33 was obtained in 34% yield with 80% purity as indicated by 1 H NMR (Scheme 13). 
Scheme 13
Reaction of para-substituted diazidopropanol derivative 21 with ethyl propiolate (32) in toluene at 50 o C resulted in the formation of triazole 34 as a semi-solid that was recrystallised to
give a white powder containing a mixture of six isomers (as indicated by TLC) in 91% yield. After fractional recrystallization of this mixture, we isolated a single regioisomer 34a in 46% yield (Scheme 14). 
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Scheme 15
Triazole from activated acetylene core. We prepared tris-triazole 36 by the reaction of activated acetylene core 27 and benzyl azide at 50-60 o C for 8 h. The crude material from the 1,3-dipolar cycloaddition reaction contained a mixture of regioisomeric triazoles, the major isomer 36 was separated in 45 % yield by recrystallization (Scheme 16). 
Scheme 16
The structure of 36 was unambiguously established by single crystal X-ray crystallography (Figure 1 ), which confirmed the overall structure and the regiochemistry of the cycloaddition. In the solid state the molecule exists in a relatively compact conformation. The planes of the triazole rings are twisted relative to the plane of the central triazine ring at angles between 24.3 and 48. 1,3-Dipolar cycloaddition reactions can be carried out employing other azides and alkynes substituted with carboxyl, acyl, cyano, arly, haloalkyl, phenylsulfonyl or phosphonate groups.
Conclusions
Various azides and alkyne compounds were prepared and their 1,3-dipolar cycloaddition reactions studied under microwave and conventional conditions. The main aim of the study was to complete the triazole formation at the lowest possible temperature. It has been found that the cycloaddition reactions of azides with alkynes substituted with electron-withdrawing groups are fast and take place at low temperatures (~ 50 o C), under microwave or conventional conditions.
Experimental Section
General Procedures. Melting points are uncorrected. 1 H and 13 C NMR spectra were recorded at 300 and 75 MHz, respectively, with tetramethylsilane (TMS) as an internal standard. Solvents were distilled by standard methods. Reagents obtained commercially were used without further purification.
1,3,5-Tris(bromomethyl)benzene (4a).
To a solution of 1,3,5-tris(hydroxymethyl)benzene 3 (1.68 g, 10 mmol) in acetic acid (10 mL), HBr 30% in acetic acid (13.5 g, 50 mmol) was added. The mixture was stirred at room temperature for 48 h and extracted with ether (3 × 60 mL 
1,3,5-Tris{[3,5-bis(azidomethyl)phenoxy]methyl}-2,4,6-trimethylbenzene (6).
A mixture of 3,5-bis(azidomethyl)phenol 7 (0.27g, 1.32 mmol) and 1,3,5-trisbromomethyl-2,4,6-trimethylbenzene 4b (0.176 g, 0.44 mmol) in DMF (5 mL) was stirred with K 2 CO 3 (0.182 g, 1.32 mmol) for 2 days. The reaction mixture was poured into water and extracted with ethyl acetate (3 × 30 mL). The combined organic extracts was washed with water and brine and dried over anhydrous MgSO 4 . Filtration and evaporation of solvents followed by recrystallization (from hexane/chloroform), gave 6 (0. 26 
3,5-Bis(bromomethyl)phenol (11).
To a solution of 3,5-bis(hydroxymethyl)phenol 10 (0.26 g, 1.68 mmol) in acetic acid (2 mL), hydrobromic acid 30% in acetic acid (2.0 mL, 7 mmol) was added, and stirred for 48 h. The reaction mixture was diluted with water (10 mL) and stirred for 10 min. It was extracted with ether (3 × 30 mL), the combined ether extract was washed with water (2 × 15 mL), saturated NaHCO 3 (2 × 15 mL) and brine (10 mL) and dried over anhydrous MgSO 4 . After filtration and evaporation of solvent followed by recrystallization (from diethyl ether/hexanes), 
General method for the preparation of di-chloroacetates (17).
Chloroacetyl chloride (7.08 mmol) was added very slowly to a solution of glycol 14 (3.54 mmol) and triethylamine (1.0 mL, 7.08 mmol) in dichloromethane (30 mL) at 0 o C in an ice bath. This mixture was then stirred at room temperature for 2 h before quenching with water (50 mL). The organic layer was separated, washed with aqueous NaHCO 3 5% (2 × 50 mL), brine (30 mL) and water (30 mL). The combined organic extracts were dried over MgSO 4 , filtered and evaporated under reduced pressure to give the corresponding di-chloroacetate 17b-d. 14-Chloro-13-oxo-3,6,9,12-tetraoxatetradec-1-yl 2-chloroacetate (17b). 21 mmol) in pyridine (20 mL) was added phthaloyl dichloride (2 g, 9.85 mmol) and the resulting mixture was stirred at room temperature for 48 h. The reaction mixture was concentrated on a rotary evaporator to remove most of the pyridine and the residue was dissolved in methylene chloride (100 mL) and washed successively with HCl (100 mL, 5%), saturated NaHCO 3 solution (100 mL), dried over anhydrous Na 2 SO 4 , filtered and the filtrate concentrated in vacuum to afford almost pure diester. 
General method for the preparation of dipropiolate (23).
A solution of polyethylene glycol, (E 300-900) (16 mmol), propiolic acid (2.25 g, 32 mmol) and p-toluenesulfonic acid (0.15 g, 0.8 mmol) in toluene (100 mL) was heated under reflux in a Dean stark apparatus for 24-48 h. The reaction mixture was cooled to room temperature and the solvent was removed under reduced pressure. The residue was dissolved in chloroform, washed with NaHCO 3 (2 × 20 mL), water (30 mL) and brine (20 mL Oxo-3,6,9,12,15,18,21,24,27,30,33,36,39-tridecaoxa-41-dotetracontyn-1 Oxo-3,6,9,12,15,18,21,24,27,30,33,36,39,42,45,48,51,54 with acetic acid (4 mL). The reaction mixture was allowed to warm to room temperature, water (20 mL) was added and the organic layer was separated. The aqueous layer was extracted with ether (3 × 20 mL). The combined organic layer was dried over anhydrous MgSO 4 . Filtration and evaporation of the solvent gave a residue which was purified by column chromatography (silica gel) with hexane/ethyl acetate (7:3) to afford 24 (2.25 g, 85%) as a yellow oil; 1 H NMR (CDCl 3 ) 1H-1,2,3-triazol-1-yl]-1-{[4-(ethoxycarbonyl)-1H-1,2,3-triazol-1 X-Ray Crystallography. Data were collected with a Bruker ApexII CCD area detector, using graphite monochromatized MoKα radiation (λ = 0.71073 Å). The intensities were corrected for Lorentz and polarization effects and for absorption. 24 The structure was solved by direct methods using SHELXS 25 and refined on F 2 , using all data, by full-matrix least-squares procedures using SHELXTL. 26 All non-hydrogen atoms were refined with anisotropic displacement parameters.
Bis{2-[4-(ethoxycarbonyl)-
Hydrogen atoms were included in calculated positions, with isotropic displacement parameters 
